ABSTRACT. Progressive glomerular injury associated with early-onset proteinuria was investigated in male Osborne-Mendel (OM) rats aged 5 to 20 weeks. Age-matched male Fischer 344 (F344) rats were used for comparison. OM rats developed mild hypertension and selective proteinuria (albuminuria) from 5 weeks of age, and non-selective proteinuria from 7 weeks of age. Light microscopy of OM kidney revealed hyaline droplets in the podocyte at 5 weeks of age and vacuolation of podocytes and adhesion of the capillary loop to the Bowman's capsule at 7 weeks of age. Segmental glomerulosclerosis developed in OM rats from 15 weeks of age, and global sclerosis appeared at 20 weeks of age. Desmin, a marker of podocye injury, was expressed in podocytes from 10 weeks of age, and the intensity of expression increased with age. Ultrastructurally, damage to podocytes such as effacement of foot processes, decreasing number of filtration slits, and rearrangement of the actin cytoskeleton were observed from 5 weeks of age in OM rat. Glomerular volume in OM rats increased with age and was consistently higher than in age-matched F344 rats. The number of WT-1-positive podocytes and vimentin-positive podocyte area were lower in OM rats and decreased with age. These findings suggest that glomerulonephropathy in male OM rats is associated with glomerular hypertrophy, progressive podocytopathy, and a reduction in podocyte number and area. Renal injury in OM rats was associated with development of early-onset proteinuria and was more progressive than in age-matched F344 rats. Osborne-Mendel (OM) rats have long been used as obesity-prone rats [22] . When fed a high fat diet, they are susceptible to the development of obesity and demonstrate several metabolic abnormalities, including cardiac and renal hypertrophy, hyperglycemia, and hyperinsulinemia [4, 14] . These clinical symptoms are also characteristic of human metabolic syndrome, suggesting that OM rats could provide an animal model for human metabolic syndrome. Metabolic syndrome is a reported risk factor for progression of chronic kidney disease and for end-stage renal disease (ESRD) [23] . This time, characteristic progressive glomerular injury associated with early onset proteinuria in OM rats was found in our laboratory. However, to our knowledge, there have been no detailed pathological studies on renal disease, especially on glomerular injury in OM rats.
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Podocytes are highly differentiated and specialized epithelial cells that line the outer aspect of the glomerular basement membrane (GBM). In the normal glomerulus, they serve as the final barrier against urinary protein loss. Foot processes of neighboring podocytes interdigitate over the capillary walls and are bridged by the slit diaphragms, thus forming the final filtration barrier. In proteinuric nephropathy, injuries to podocytes may develop in the early stage of the disease, and the ensuing reduction in podocyte number occurs continuously [20] . Detachment of podocytes from the GBM results in a decrease in the number of glomerular podocytes and plays an important role in the development of severe proteinuria and progression of glomerular injury [8, 13, 25] . Because podocytes have very low potency to regenerate, loss of podocytes in the glomerulus leads to denudation of the GBM. This results in massive leakage of plasma proteins, adhesion of the glomerular capillary tuft to Bowman's capsule, and progression to segmental and global glomerular sclerosis [9] .
Proteinuric nephropathies associated with progressive glomerular injury progress toward ESRD regardless of the type of primary glomerular lesion. Recent studies have revealed that podocytes are a key determinant in the maintenance of the permselective function of the glomerular capillary, and that both primary and secondary podocyte dysfunction are closely associated with proteinuria, glomerular sclerosis, and ESRD [6, 12, 20, 26] .
In the present study, glomerular injury and the relationship between podocyte injury and the development of proteinuria and glomerulosclerosis were examined in young male OM rats. Fischer 344 (F344) rats, which are used for long-term toxicological tests, were used for comparison as they commonly develop chronic nephropathy in old age [24] .
MATERIALS AND METHODS

Animals:
All procedures in this study were in accordance with the guidelines approved by the Animal Research Com-mittee of our institution. Male OM (Om/NSlc) rats (n=43) and male F344/NSlc rats (n=12) were used (Japan SLC, Shizuoka, Japan). All rats were housed in a barrier system animal facility with a 12-hr light/dark cycle, temperature of 21  1C, and relative humidity of 50 to 60%. Rats were fed CLEA Rodent Diet CE-2 (CLEA Japan, Inc., Tokyo, Japan) with a sodium content of 0.36% and crude protein content of 25.1%, and had free access to tap water. Both F344 and OM rats were housed in metabolic cages and 24-hr urine collection for protein excretion determination was conducted before necropsy. Systolic blood pressure of OM rats was measured by the tail plethysmography in awake animals at 7, 13 and 20 weeks of age before necropsy. F344 rats were sacrificed at 5 (n=3), 7 (n=3), 10 (n=3), 15 (n=3) and 20 (n=3) weeks of age and OM rats were sacrificed at 5 (n=6), 7 (n=8), 10 (n=5), 12 (n=3), 13 (n=5), 15 (n=7), 17 (n=5) and 20 (n=9) weeks of age. Histological changes in the cortical renal tissues were examined by light and electron microscopy as well as by immunohistochemistry. SDSpolyacrylamide gel electrophoresis (SDS-PAGE) was performed on urine samples (1 l) using 10% PAGE Bis-Tris gel. Gels were run at 40 mA for 90 min in Tris/glycine/SDS buffer (Bio-Rad Laboratories, Hercules, CA, U.S.A.) and proteins were visualized using Coomassie Brilliant Blue R-250 (CBB R-250). Precision Plus Protein TM Standards (BioRad Laboratories) were used as molecular markers.
Morphological analysis of glomerulosclerosis: Kidney tissues obtained from F344 and OM rats were immediately fixed in 10% neutral buffered formaldehyde (NBF), dehydrated by graded alcohol, and embedded in paraffin for light microscopy. A single section (3m) was stained with periodic acid-Schiff (PAS) in each animal and the presence of sclerosis in the glomerular tuft was investigated. Morphometric analysis was performed using a computer-based image analysis system (ImageJ, National Institutes for Health, Bethesda, MD, U.S.A.). For each kidney section, glomeruli were systematically encountered by moving the microscope stage with an S-shape path, and 50 glomeruli were digitally saved as 1,248  1,000-pixel images. Exact enlargement (m per pixel) of the digital images was calculated from a reference grid digitized at the same resolution. The outline of the glomerular tuft area of each glomerulus was manually traced, and its area (A G ) was automatically measured by ImageJ. The sclerotic area of each glomerulus (A S ) was measured using the same method. The sclerosis score was then calculated as (A S /A G )  100.
Glomerular volume and glomerular density: Mean glomerular volume (V G ) was calculated using the formula described by Nagata et al. [18] ; V G = (/)  (A G ) 2/3 , where =1.1 (size distribution coefficient) and =1.38 (shape coefficient for spheres). A total of 50 glomeruli was evaluated for each kidney section. Glomerular density was examined on kidney sections from 5-week-old rats, and was defined as glomerular number per unit area (N G /A C ). To establish this value, the number of glomeruli in the whole sections (N G ) was counted, and the area of the kidney cortex (A C ) was measured using ImageJ.
Immunohistochemistry: For immunohistochemistry, staining for desmin and vimentin was performed on 10% NBF-fixed, paraffin-embedded tissues, and staining for Wilms' Tumor-1 (WT-1) was performed on 4% paraformaldehyde-fixed, paraffin-embedded kidney tissues. Sections WT-1-positive cells were regarded as glomerular podocytes [16] . The number of WT-1-positive cells (N P ) was counted for each glomerulus. A total of 50 glomeruli was examined for each kidney section and the podocyte number per glomerular area was described as N P /A G . The vimentin-positive area was measured for each glomerulus using ImageJ and was defined as podocyte area (A P ). A total of 50 glomeruli was examined for podocyte area and damage. Podocyte area per glomerulus was described as (A P /A G )  100. Desmin was used as a maker of damaged podocytes [17] . The desmin-positive area (A D ) within a glomerulus was used to provide the desmin score using the formula (A D /A G )  100.
Electron microscopy: Cortical renal tissue from F344 and OM rats was cut into 1-mm 3 cubes, fixed in 2.5% glutaraldehyde, and post-fixed in 1% OsO 4 for 2 hr. The fixed specimens were then dehydrated through ascending grades of alcohol and embedded in epoxy resin. Ultra-thin sections were double-stained with uranyl acetate and lead citrate, and a JEOL 1210 transmission electron microscope (JEOL, Tokyo, Japan) at 80 kV was used for examination.
Statistical analysis: Results are expressed as the mean  SD. Values within the same strain of rats were compared using an unpaired Student's t-test. Comparison between age-matched F344 and OM rats was performed by the Mann-Whitney U-test. Statistical significance was defined as P<0.05.
RESULTS
Blood pressure, serum and urine analysis: As shown in Table 1 , systolic blood pressures of OM rats at 7, 13 and 20 weeks of age were 145  15, 158  4 and 141  11 mmHg, respectively. Urinary protein excretion showed no agerelated changes in F344 rats (Fig. 1a) , but markedly increased with age in OM rats (Fig. 1b, Table 1 ). In parallel with the changes in urinary total protein in OM rats, the urinary protein:creatinine ratio significantly increased from 7 to 20 weeks of age (Table 1) . SDS-PAGE analysis of urine from OM rats revealed the presence of selective proteinuria composed mainly of albumin from 5 weeks of age (Fig. 1b) . Non-selective proteinuria comprising proteins of larger molecular weight than albumin was observed from 7 weeks of age. This leakage of proteins into urine rapidly increased with age (Table 1 ). In contrast, notable proteinuria was not observed until 20 weeks of age in F344 rats (Fig. 1a) .
BUN and serum creatinine levels were significantly increased in OM rats at 15 and 20 weeks of age (Table 1) . Serum total cholesterol (TC) in OM rats was significantly higher than age-matched F344 rats from 5 to 20 weeks of age (Table 1) .
Morphological and morphometric analyses of glomeruli: In OM rats at 5 weeks of age, a small number of podocytes were loaded with PAS-positive fine granules (Fig. 2i) . At 7 weeks of age, podocytes with vacuolated cytoplasm were apparent (Fig. 2j) and adhesion of the glomerular capillary loop to the Bowman's capsule was occasionally observed (Fig. 2k) . Furthermore, focal and segmental sclerosis developed at 15 weeks of age (Fig. 2g) and global glomerulosclerosis occasionally appeared at 20 weeks of age (Fig. 2h) . The sclerosis score significantly increased with age in OM 2l) . In contrast, there was no significant renal damage in F344 rats, although a small number of glomeruli showed sclerosis associated with thickening of the GBM and expansion of mesangium at 15 and 20 weeks of age (data not shown).
Interstitial mononuclear cell infiltration appeared at 10 weeks and gradually progressed with age in OM rats (data not shown). Hyaline droplets and/or vacuolar degeneration of the tubular epithelium and formation of hyaline casts were observed from 7 weeks of age. At 15 weeks of age, tubular atrophy accompanied with thickening of the tubular basement membrane and interstitial fibrosis was present (data not shown).
To evaluate podocyte injury in OM rats, immunostaining for desmin, a conventional marker of podocyte injury [5] , was performed. Desmin was expressed in damaged podocytes and in the mesangial area in both strains of rats ( Fig. 3a-d) . The desmin score was significantly higher in OM rats than F344 rats from 10 to 20 weeks of age (Fig. 3e) . Peak desmin score was observed in OM rats at 10 weeks of age, and then steadily decreased with age.
Glomerular volume and podocyte number: The glomeru- in F344 rats; P<0.05) to 20 weeks of age, V G in OM rats was significantly higher than that in F344 rats (Fig. 4) . V G in OM rats significantly increased from 5 to 10 weeks of age, and then significantly decreased from 15 to 20 weeks of age (Fig. 4) . There was no significant difference in glomerular density between F344 and OM rats (791.6  18.4 in F344 rats vs. 819.2 
in OM rats; P>0.05).
To evaluate the number of podocytes in a glomerulus (N P ), the number of WT-1-positive cells was counted and the glomerular area (A G ) was measured. As shown in Fig. 5 , WT-1 was specifically localized to the nuclei of podocytes. The number of podocytes per glomerular area (N P /A G ) gradually decreased from 5 to 20 weeks in OM rats, while podocyte density did not decrease after 10 weeks of age in F344 rats (Fig. 5m) . The values of N P /A G in OM rats were consistently lower than those of age-matched F344 rats, and this difference was detectable at 5 weeks of age (3.7  0.2 in OM rats vs. 6.8  0.3 in F344 rats; P<0.05).
Podocyte area per glomerular area (A P /A G ) was estimated using immunostaining for vimentin (Fig. 5i-l) . As vimentin staining is specifically positive for podocytes among the glomerular cells [20] , vimentin-positive areas were regarded as the podocyte area in each glomerulus. There was no significant difference between the A P /A G values between rat strains at 5 weeks of age (9.8  2.3 in F344 rats vs. 9.7  1.8 in OM rats; P<0.05). In both rat strains, peak A P /A G was observed at 10 weeks of age, and steadily decreased with age (Fig. 5n) . However, the A P /A G values in OM rats were significantly lower than in F344 rats after 10 weeks of age (13.4  3.6 in OM rats vs. 20.1  5.8 in F344 rats at 10 weeks of age, 5.7  2.3 in OM rats vs. 11.5 1.8 in F344 rats at 15 weeks of age, 3.3  1.4 in OM rats vs. 7.9  0.9 in F344 rats at 20 weeks of age; P<0.05).
Ultrastructural changes in glomeruli: Effacement and fusion of podocyte foot processes were observed in OM rats as early as 5 weeks of age (Fig. 6b) . The numbers of foot processes and filtration slits were greatly reduced with age, and rearrangement of the actin cytoskeleton was observed in fused foot processes in OM rats (Fig. 6b) . In addition, the slit pore, which is composed between the foot processes, was narrowed and the slit diaphragm was dislocated in OM rats. The cytoplasm of podocytes contained vacuoles or cytoplasmic pockets in OM rats but not in F344 rats (Fig.  6c) . Formation of surface microvilli and detachment of degenerated podocytes from the GBM was observed in OM rats at 15 weeks of age. The detachment resulted in denudation of the GBM into the urinary space (Fig. 6d) . Mild thickening of the GBM was also detected from 10 to 20 weeks of age in OM rats.
DISCUSSION
The glomerulopathy of OM rats in the present study was characterized by early development of proteinuria associated with focal and segmental glomerulosclerosis, and followed by tubulointerstitial inflammation and fibrosis. This renal damage had fully developed by 20 weeks of age. Typ- ical podocytopathies and podocytopenia preceded the development of glomerulosclerosis. These findings indicate that the podocyte damage could be an important factor in the pathogenesis of glomerulonephropathy in OM rats.
Morphologically, mild hyaline droplet degeneration of podocytes and effacement and fusion of foot processes were observed from 5 to 20 weeks, and formation of vacuoles and microvilli were observed from 10 to 20 weeks of age. Ultrastructurally, rearrangement of the actin cytoskeleton, narrowing of slit pores, and displacement of the slit diaphragm were observed in OM rats. These same features have been reported in the previous studies of human and animal podocyte damage [10, 11] . In OM rats, adhesion of the glomerular tufts to the Bowman's capsule and segmental glomerular sclerosis progressed with age from 10 to 20 weeks: the sclerotic areas comprised approximately 20% of the glomerulus at 20 weeks of age. Non-selective proteinuria in OM rats developed at 7 weeks of age and was associated with apparent podocyte damage. These findings suggest that the development of proteinuria and glomerular lesions in OM rats is more progressive than the changes reported in other spontaneous animal models of glomerulosclerosis [13, 19] . In addition, podocyte damage as evaluated by desmin expression was significantly more severe in OM rats compared to age-matched F344 rats. The progression of damage to podocytes in OM rats paralleled a decrease in podocyte number within each glomerulus. This podocyte damage preceded glomerular injury, thus suggesting that podocyte damage is important in the pathology of glomerulonephropathy in OM rats.
The spontaneous development of chronic nephropathy in old rats is well documented in many strains, including F344 rats [24] . In previous reports of chronic nephropathy in rats, the morphological changes of glomeruli were characterized by early thickening of the GBM and small mesangial deposits of immunoglobulin [7, 21] . These changes were not observed in the present study of OM rats. Also ultrastructural analyses revealed hypertrophy and fusion of podocyte foot processes, increased formation of protein absorption droplets, and microvillous transformation of cell surface in other rat strains [7, 21] . These microscopic and ultrastructural changes were similar to those observed in the OM rats in the present study. Most importantly, the onset of nephropathy with proteinuria in the OM rats in this study occurred in much younger rats than that reported with other rat strains. Glomerular volume progressively increased with age in OM rats. Although glomerular volumes were consistently lower in age-matched F344 rats than in OM rats, a similar increase in glomerular volume with age was observed. These results suggest that glomerular hypertrophy may develop as early as 5 weeks in OM rats. These glomerular volume changes result in a higher glomerular flow per nephron and yield more filtration. Therefore, they may represent adaptive changes compensating for the inborn nephrons deficits found in younger animals [3, 13] . In the present investigation, the blood pressures of OM rats were higher than those of reported previously [4] . Systemic hypertension may lead to an increase in intraglomerular pressure, which may be involved in the pathogenesis of glomerular hypertrophy. Further study is needed to clarify the relationship between hypertension and glomerular hypertrophy in OM rats. A decrease in glomerular volumes was detected from 15 to 20 weeks of age in OM rats. This decrease is associated with the increase in sclerotic score at 20 weeks of age. The presence of sclerotic or collapsed glomeruli might reflected the decrease in mean glomerular volume at 20 weeks in OM rats.
The number of podocytes per glomerulus was evaluated by measuring specific markers of differentiated podocytes in mature glomeruli: WT-1-positive nuclei and the vimentin-positive area [16] . The number of podocytes within each glomerulus was lower in OM rats compared to F344 rats starting at 5 weeks, and the number progressively decreased with age in OM rats. The progressive decrease in podocyte number after 10 weeks of age was not observed in F344 rats. The decrease in podocyte number per glomerular area found between 5 and 10 weeks in both strains could have been due to an increase in glomerular volume associated with physiological nephrogenesis [25] . A remarkable increase in glomerular area might affect the number of podocytes within a glomerulus, and cause the assumed reduction in podocyte number per glomerulus. However, there was a significant difference between the two strains in the number of podocytes per glomerulus from 5 weeks of age. The rate of decrease of podocyte number was also much higher in OM rats.
In some human disease conditions, podocyte nuclei become negative for WT-1 as the cells undergo phenotypic dysregulation such as human immunodeficiency virus (HIV) nephropathy and collapsing focal segmental glomerulosclerosis (FSGS) [1] . Therefore, vimentin was also used as a podocyte specific marker to calculate podocyte area. Podocyte area within a glomerulus was highest at 10 weeks of age, and then progressively decreased with age in both F344 and OM rats. The increase in podocyte area between 5 and 10 weeks could be a consequence of the physiological changes associated with podocyte maturation. However, the notable reduction in podocyte area after 10 weeks in OM rats suggests a loss of podocytes within each glomerulus. This reduction in the number of podocytes is also suggested by the decrease in both the WT-1-positive nucleus counts and vimentin-positive area within each glomerulus. These decreases were found before the development of glomerular sclerosis, and suggest that the loss of podocytes may be part of the pathogenesis of glomerular injury in OM rats. Wharram et al. [25] showed that depletion of podocytes by 21 to 40% resulted in apparent mesangial expansion, synechiae formation, FSGS, and low-level but sustained proteinuria in nephropathy model rats. Moreover, there was a significant correlation between the decrease in podocyte number and development of glomerulosclerosis. In the present study, the number of podocytes in OM rats at 5 weeks of age was 45% lower than that in F344 rats. This difference may be involved in the subsequent development of glomerular sclerosis and progressive proteinuria. While the pathogenesis of reduced podocyte number in OM rats remains unclear, apoptosis and detachment of podocytes have been reported as an etiology of podocytopenia [15] . In the present study, OM rats had a relative paucity of podocytes compared to F344 rats and an expansion of glomerular volume. Therefore, podocytes in OM rats might be exposed to higher mechanical stress due to the greater surface area of glomerular capillary loops. It has been shown that a mechanical stess can increase the synthesis of angiotensin II and angiotensin type I receptor in podocytes, and thereby trigger apoptosis through induced TGF- production [2] . Mechanical stress on podocytes caused by glomerular hypertrophy could be one of the pathogenetic factors in the development of podocytopenia in OM rats.
In conclusion, the present study reports significant proteinuria that develops spontaneously with age in male OM rats. This proteinuria is associated with glomerular hypertrophy and progressive reduction in the podocyte number. The renal injury in OM rats begins to develop at 5 weeks of age and is more progressive than that in F344 rats. These findings suggest that the OM rat could be used as a model of spontaneous glomerulosclerosis associated with podocyte injury.
